Ruminants contribute to global warming by releasing methane (CH 4 ) gas by enteric fermentation. This has increased interest among animal scientists to develop and improve equations predicting CH 4 production. The objectives of the current study were to collect a data set from respiration studies and to evaluate the effects of dietary and animal factors on CH 4 production from diets that can safely be fed to dairy cows, using a mixed model regression analysis. Therefore, diets containing more than 75% concentrate on a dry matter (DM) basis were excluded from the analysis. The final data set included a total of 298 treatment means from 52 published papers with 207 cattle and 91 sheep diets. Dry matter intake per kilogram of body weight (DMIBW), organic matter digestibility estimated at the maintenance level of feeding (OMD m ), and dietary concentrations of neutral detergent fiber (NDF), nonfiber carbohydrates (NFC), and ether extract (EE) were the variables of the best-fit equation predicting CH 4 energy (CH 4 -E) as a proportion of gross energy intake (GE): CH 4 -E/GE (kJ/MJ) = −0.6 (±12.76) − 0.70 (±0.072) × DMIBW (g/kg) + 0.076 (±0.0118) × OMD m (g/kg) − 0.13 (±0.020) × EE (g/kg of DM) + 0.046 (±0.0097) × NDF (g/kg of DM) + 0.044 (±0.0094) × NFC (g/kg of DM), resulting in the lowest root mean square error adjusted for random study effect (adj. RMSE = 3.26 kJ/MJ). Total CH 4 production (L/d) in the cattle data set was closely related to DM intake. However, further inclusion of other variables improved the model: 4 -E/GE = 0.96 (±0.103) × predicted CH 4 -E/GE + 2.3 (±7.05); R 2 = 0.85, adj. RMSE = 3.38 kJ/MJ] indicated that differences in CH 4 production between the diets could be predicted accurately. We conclude that feed intake is the main determinant of total CH 4 production and that CH 4 -E/ GE is negatively related to feeding level and dietary fat concentration and positively to diet digestibility, whereas dietary carbohydrate composition has only minor effects. Key words: methane , dairy cow , diet composition , modeling
INTRODUCTION
Methane (CH 4 ) is recognized as the second most important greenhouse gas emitted from anthropogenic sources (Wuebbles and Hayhoe, 2002; IPCC, 2006) . Ruminants contribute to approximately one-quarter of all anthropogenic sources of CH 4 emissions . In 2005, the Kyoto protocol came into effect and the signatories committed to reduce greenhouse gas emissions to an agreed level (Kyoto Protocol, 2009) . As a result of the Kyoto protocol, the aim of a current focus in animal science is to reduce the overall production of CH 4 production from ruminants (Ellis et al., 2007) , and attention is more shifted toward its contribution to climate change and global warming (Boadi et al., 2004) . In addition to emissions of greenhouse gas, CH 4 produced by ruminants represents an energy loss to the animal. Depending on the level of feed intake, diet composition, and other factors, CH 4 energy (CH 4 -E) loss can vary from 2 to 12% of gross energy (GE) intake (GEI) (Johnson and Johnson, 1995) . Both dietary and animal factors play an important role in models predicting CH 4 production, as outlined by Yan et al. (2000) . Forage proportion is thought to be an important factor influencing CH 4 production, and CH 4 -E output could be decreased by offering higher levels of concentrate in the diets (Johnson and Johnson, 1995) .
Worldwide inventories are based on mathematical models that are important in predicting CH 4 production and developing mitigation strategies (Yan et al., 2000; Mills et al., 2003; Ellis et al., 2009 ). Several equations to predict CH 4 production are published in the literature. These equations are based on DMI without considering diet composition (Kriss, 1930 ), on energy digestibility and feeding level (Blaxter and Clapperton, 1965) , on digestible carbohydrates (Moe and Tyrrell, 1979) , or on a range of animal and dietary factors (Holter and Young, 1992) . In most cases, the 2477 data sets were based on data from a single or only few labs (Blaxter and Clapperton, 1965; Yan et al., 2000; Jentsch et al., 2007; Ellis et al., 2009) . The data used to develop these equations were mostly based on individual animal observations, which increases overall variation and may prevent detection of statistical significance of some important dietary factors. Some data sets also included data from studies using feed additives that are not allowed to be used everywhere (e.g., monensin) or are not available to reduce CH 4 emissions . Sometimes variables, such as ME intake or ME:GE ratio, requiring an estimate of CH 4 production have been used as independent variables (Ellis et al., 2007; Yan et al., 2009) . It is also known that fat supplements reduce CH 4 production Chung et al., 2011; Moate at al., 2011) , but dietary fat concentration is often not included in prediction equations. The equations sometimes require inputs that are not commonly available or are developed for specific type of animals (e.g., beef cattle; Ellis et al., 2007; Yan et al., 2009) . Also, most of the equations reported in the literature are based on specific types of rations. In addition, traditional approaches using simple regression analysis without considering random study effect can result in parameter values that are estimated with considerable bias ).
Therefore, the objectives of this study were to collect a data set based on dietary treatment means of CH 4 production from ruminants and to develop empirical equations predicting the total CH 4 production and CH 4 production per unit of intake (DM, GE, and digestible energy, DE).
MATERIALS AND METHODS

Data Set
Treatment mean data were collected from 52 papers published from the 1960s to 2011 (see Appendix 1), including a total of 304 observations (treatment means). Only data from studies conducted using respiration chambers were included. Treatments with feed additives (e.g., monensin, tannins, enzymes, fumaric acid) were excluded from the final data set, but other diets from additive studies were included in the data set. The minimum prerequisite for a study to be included in the data set was that DMI, diet digestibility, dietary ingredient composition, and some parameter of forage or TMR fiber (NDF, ADF, or crude fiber) were reported. The data set was collected to cover a wide range of dietary composition from studies that investigated the effects of feeding level, proportion of concentrate supplementation, protein and fat supplementation, carbohydrate composition of concentrate supplements, forage type (grasses, legumes, whole crops), maturity of forage crops at harvest, and silage fermentation quality. Sheep data were also included in the analysis that predicted CH 4 production per unit of intake. The close relationship (R 2 = 0.85) in the proportion of CH 4 energy of GE between dairy cows and sheep fed 21 diets with a wide range of composition supports this. Diets including more than 75% concentrate on a DM basis were deleted from the data set, so that only diets within the normal range as fed to dairy cattle were included. Information on feed and diet characteristics, feed intake, type of animal, energy metabolism, digestibility, and rumen fermentation parameters were collected in the final data set. In the published papers, CH 4 production was expressed as grams per day, liters per day, megajoules per day, or as a proportion of GE or DE; therefore, the following factors were used in converting units: 1 g = 1.40 L = 55.5 kJ; 1 L = 0.716 g = 39.54 kJ. Methane production was expressed as a proportion of GE (kJ/MJ) or DE (kJ/MJ), or in liters per kilogram of DMI or liters per day. The values are based on molar mass of 16.04 g and gas volume of 22.4 L/mol.
When ME intake (MEI) was not reported, it was calculated as follows:
where UE = urinary energy output. When UE (MJ/d) was not reported, it was estimated using prediction equations derived from the current data set with a mixed model regression analysis separately for cattle and sheep as follows: Feeding level (FL) as multiple of maintenance was calculated by dividing the MEI by the maintenance requirement separately for cattle and sheep data (AFRC, 1993) : where q = metabolizability (ME:GE). In some studies (e.g., , BW was estimated from reported FL in multiple of maintenance, MEI, and tabulated maintenance requirement. When GEI (MJ/d) was not reported in the published papers, it was estimated from DMI and GE concentration (MJ/kg of DM) calculated from chemical composition (Jentsch et al., 2003) : Only studies including digestibility data were used in the final analysis. When either GE or OM digestibility (GED, OMD) was not reported, they were estimated using prediction equations derived from the current data set as follows:
OMD (g/kg) = 40.7 ± 13.4 + 0.980 ± 0.019 × GED (adj. RMSE = 8.5; n = 120), GED (g/kg) = −11.3 ± 14.78 + 0.977 ± 0.021 × OMD (adj. RMSE = 8.3; n = 116), GED (g/kg) = −12.7 ± 18.4 + 1.00 ± 0.027 × DMD (adj. RMSE = 8.2; n = 96), where DMD = DM digestibility.
Because digestibility was determined at actual level of intake, OMD was adjusted to DMI level of 10 g/kg of BW, corresponding to estimated maintenance requirement (OMD m ) using the relationship between DMI/ BW and OMD (1.83 per 1 g/kg of DMIBW) from the data set of digestibility trials in lactating dairy cows 
Chemical Composition
Chemical composition of diets was recorded from the published values given in each paper. When some composition data were missing, tabulated values from the National Research Council (NRC, 2001 ) and the Cornell Net Carbohydrate and Protein System (CNCPS; Tylutki et al., 2008) were used. When forage fiber was analyzed as crude fiber, NDF concentration was estimated using empirical relationships derived from the forage data set of Huhtanen et al. (2006) .
Calculation of Nutrient Supply and Concentrations
Nutrient supply was calculated as follows:
where Xi = intake of that specific nutrient, CDMI = concentrate DMI, cX = concentration of that specific nutrient in concentrate, FDMI = forage DMI, fX = concentration of that specific nutrient in forage. The concentration of that specific nutrient was then calculated as
where XX = concentration of that specific nutrient.
These equations were used for calculation of supply for ether extract (EE), NDF, CP and neutral detergent solubles. Because the forage EE contains compounds that are not true fat (e.g., chlorophyll, waxes, silage fermentation acids; Van Soest, 1994) , dietary fat concentration (g/kg of DM) was expressed in 3 different ways: total EE, concentrate fat (cFat; CDMI × concentrate EE:DMI), or total fatty acids [FA; cFat + (FDMI × 20)/DMI]. In the last option, a value of 20 g/kg of DM of fatty acids was used for forages (CNCPS; Tylutki et al., 2008) . The concentration of NFC (g/kg of DM) was calculated according to NRC (2001) : NFC = 1,000 − ash − CP − EE -NDF.
Dry matter intake per kilogram of BW (DMIBW) was calculated as follows: DMIBW (g/kg) = 1,000 (g/ kg) × DMI (kg)/BW (kg).
VFA and Stoichiometric Calculations
Rumen fermentation pattern was analyzed in 21 studies, including 127 diets (69 for sheep and 58 for cattle). The lipogenic to glucogenic ratio of VFA was calculated as (acetate + butyrate)/propionate, and CH 4 production based on VFA stoichiometry (CH 4 VFA) was calculated according to Wolin (1960) as CH 4 VFA (mol/mol VFA) = 0.5 × acetate − 0.25 × propionate + 0.5 × butyrate, where VFA proportions are expressed as moles per mole.
Statistical Analysis
The data were analyzed using the MIXED regression model procedure of SAS (Littell et al., 1996) . The relationship between independent and dependent variables was estimated by using the following model:
where B 0 , B 1 X 1ij , and B 2 X 2ij , . . ., B n X nij are the fixed effects (intercept and effects of independent variables), and b 0 (intercept), b 1 (slope), and e ij are the random experiment effects (i = 1 . . . n studies and j = 1, . . ., n i values). Deviating properties of the data were analyzed from leverage and influence by the diagnostic DFFITS and DFBETAS (Belsley et al., 1980) . Cut-off values suggesting that an observation warrants examination were set at |DFFITS| >2√(p/n) and |DFBETAS| > 2√n, where p = parameters estimated in the model and n = total number of observations.
Multiple regression equations were developed by running iterations in the mixed model procedure, beginning from combinations of intake (DMIBW and FL), digestibility variables (GED and OMD m ), and fat (EE, cFat, and FA). The first 3 variables were selected because it is known that CH 4 production is related to feeding level and diet digestibility (e.g., Blaxter and Clapperton, 1965; Jentsch et al., 2007) and the negative effect of fat on CH 4 production is also well known Chung et al., 2011 ). Each variable was tested for its random intercept effect for selection of the best-fit equation based on the smallest RMSE and Akaike's information criterion (AIC). Thereafter, the effects of some additional dietary parameters (e.g., concentrations of CP, NDF, and NFC) were included in the model. Finally, the quadratic terms and interactions of the nutrient variables were evaluated. Root mean square error was adjusted for random study effects as described by . Collinearities were evaluated by variance inflation factors. The best fit to the equation was chosen based on the lowest RMSE and AIC.
To evaluate the robustness of the final equation predicting CH 4 production (CH 4 -E/GE) [Eq. 13; Table  3 ], we split the data randomly into 6 subsets for crossvalidation (Picard and Cook, 1984) . The split was made experiment-wise so that all data from one study were in the same subset. Each subset was, in turn, left out and the CH 4 production equation was developed based on the remaining 5 subsets. The resultant equation parameters were used to compute predicted CH 4 production for the observations in the excluded subset, and the procedure was repeated for all subsets. Root mean square error of cross-validation was calculated as RMSECV = √[Σ(Observed − Predicted) 2 /n]. The cross-validation was also made by randomly dividing the data set to 2 subgroups, one of which was used for equation development and the other for equation evaluation. Residual analysis was made as described by St-Pierre (2003) by regressing the centered predicted values against the residuals (observed − predicted). To center the predicted values, the means of all predicted values were subtracted from each predicted value.
RESULTS
Data Set
A description of the dietary and animal factors collected and used in the current meta-analysis such as digestibility, feed intake, rumen fermentation parameters, BW, and CH 4 production are shown in Table  1 . The number of observations per treatment was 5.2 on average. The description of the data for different animal categories is presented in Appendix 2. When CH 4 production was expressed as CH 4 -E/GE, it was greater for sheep compared with beef or dairy cattle (77.6, 68.9, and 65.7 kJ/MJ, respectively). The GED and OMD m were lower for beef cattle compared with sheep or dairy cattle values. Dietary CP concentrations were lower for beef cattle (152 g/kg of DM) compared with sheep (160 g/kg of DM) and dairy cattle (179 g/kg of DM). Dietary NDF concentration values were greater for beef cattle (456 g/kg of DM) compared with sheep or dairy cattle (440 and 391 g/kg of DM), respectively (Appendix 2).
Generally, both the animal and feed data covered ranges encompassing the most typical dairy cattle diets. Six observations were detected as outliers and were deleted from the data set, leaving 298 observations for the final statistical analysis.
Methane Production as a Proportion of Feed Energy
Methane production was modeled using different combinations of feeding level, digestibility, and dietary fat variables. The first step was to evaluate the combinations of intake (DMIBW, FL), digestibility (GED, OMD m ), and fat (FA, cFat, EE) variables known to most affect CH 4 production by mixed model regression analysis to predict CH 4 production expressed as CH 4 -E/GE, CH 4 -E/DE, and CH 4 /DMI (L/kg of DMI). Using digestibility variables (GED or OMD m ) as random slope variables resulted in better fit equations (AIC = 1,931; Eq. [5] ) compared with using intake (AIC = 1,949) or fat variables (AIC = 1,945) as a random factor (equation not shown). Consequently, in the following equations, digestibility variables were used as a random factor. Combinations of the 12 mixed model regression equations are given in Table 2 when GED or OMD m was used as a random variable.
Methane production per unit of GE intake decreased as feeding level (expressed either as FL or DMIBW) increased ( Table 2 ). The equations based on FL usually had smaller adjusted RMSE and AIC compared OMD m = OM digestibility determined at a maintenance level of feeding, random variable (g/kg). with the equations based on DMIBW. Expressing digestibility as either predicted OMD m or observed GED did not markedly influence the goodness of fit of the equations. Increased dietary fat concentration consistently reduced CH 4 production. Generally, concentrations of dietary fat and EE predicted differences in CH 4 production more precisely than did cFat. Overall, the equations predicted differences in CH 4 production within a study precisely, as indicated by relatively small adjusted RMSE and CV (<5.0%). The values of parameter estimates remained small when the other equation variables were changed; for example, 0.55 to 0.72 and 5.5 to 7.0 for DMIBW and FL, respectively, with different combinations of digestibility and fat variables. In the next step, the 2 best-fit equations based on DMIBW [Eq. 5; Table 2 ] or FL [Eq. 11; Table 2 ] with OMD m as the random variable were selected based on the smallest RMSE and AIC (3.38 kJ/MJ and 1,931 for Eq. 5, and 3.19 kJ/MJ and 1,909 for Eq. 11, respectively) to develop Eq. 13 and 14 by including additional dietary variables such as CP, NFC, NDF, and total carbohydrates (CHO). It should be noted that FL is available only retrospectively, because the calculation of MEI requires an estimate of CH 4 production.
The best-fit equation in terms of adj. RMSE (3.04 kJ/MJ) was achieved when dietary concentrations of NFC and NDF were included in the basal FL equation [Eq. 14; Table 3 ]. Dietary fat concentration expressed as EE was negatively associated with CH 4 production, whereas NDF and NFC increased CH 4 production. Regression coefficients for NDF and NFC concentrations were similar (Table 3) . Consistent with this, the ratio of NFC:NDF was not significant when included in the equation with the total CHO concentration (equation not shown). Consistent with the lack of the effect of dietary carbohydrate composition, the linear effect of the proportion of concentrate was not significant (model not shown). Dietary concentration of CP had no significant (P = 0.73) effect on CH 4 production when it was included in [Eq. 13; Table 3 ]. None of the quadratic effects or interactions between the dietary components was significant. Based on variance inflation factors values (1.07-3.48), there was no collinearity, preventing acceptable estimation of parameters.
The same approach was used to develop the equations based on the 3 main variables explained earlier for CH 4 -E/DE and CH 4 /DMI. A better fit equation in terms of adj. RMSE (4.31 vs. 4 .57 kJ/MJ) was attained when FL [Eq. 16; Table 4 ] was used to predict CH 4 -E/ DE compared with DMIBW (Eq. 15; Table 4 ). In contrast to CH 4 -E/GE, CH 4 production expressed as CH 4 -E/DE tended (P = 0.09) to decrease with increased OMD m . The concentration of EE was negatively related and those of NFC and NDF were positively related to CH 4 -E/DE (Table 4) . Linear effect of CP or quadratic effects of any dietary components on CH 4 -E/DE were nonsignificant.
When CH 4 production was expressed in liters per kilogram of DMI, FL as intake variable resulted in a slightly better fit of the equation than DMIBW (adj. RMSE = 1.53 vs. 1.58 L/kg DMI). Ether extract, DMIBW, or FL decreased CH 4 production, whereas OMD m , NDF, and NFC increased CH 4 production ( Table 5) .
Total Methane Production
Total CH 4 production (L/d) was modeled only for the cattle data (n = 207; 145 dairy cattle and 62 beef cattle), because different DMI, and consequently CH 4 The differences in the goodness of fit of the total CH 4 production prediction equations were small when feed intake was expressed as DM, OM, or GE, with OMI being marginally better than DMI or GEI. Next, Generally, both equations showed diminishing marginal increases on total CH 4 production with enhanced feed intake. Total CH 4 production positively (P < 0.01) related to OMD m and negatively (P < 0.01) to dietary fat concentration and NFC:CHO (Table 6 ).
Methane Production and Rumen Fermentation
Because diet composition influences rumen fermentation pattern, dietary nutrient concentrations were not included in VFA equations. Molar proportions of acetate and butyrate were positively and that of propionate negatively related to CH 4 -E/GE (Table 7) . When all major VFA were considered together as a stoichiometric relationship between CH 4 production and VFA, the goodness of the fit of the equation in terms of adj. RMSE and AIC was better compared with the other equations.
Model Evaluation
The cross-validation showed a good relationship (R 2 = 0.85) between predicted and observed CH 4 -E/ GE when analyzed with a mixed model regression, and there was no significant mean or slope bias ( Figure  1) . Also, when the data were split into 2 subsets for equation development and validation (i.e., the data sets were completely independent), the validation indicated a good relationship between observed and predicted CH 4 production expressed as CH 4 -E/GE: observed = 6.2(±6.38) + 0.90(±0.090) × predicted (adj. RMSE = 3.43, R 2 = 0.86, n = 149). Neither the mean (−0.6 ± 1.61) nor slope bias (−0.10 ± 0.090) was significant (Figure 2 ).
DISCUSSION
The purpose of this study was to develop practical equations predicting CH 4 production from dietary and animal variables for dairy cow diets (maximum proportion of concentrate 75% on DM basis). Including high concentrate diets (>75% of concentrate DM) in the analysis increased adj. RMSE of CH 4 -E/GE from 3.18 to 4.52 kJ/ME. Very high grain diets (>90% of DM) typically produce only 20 to 30 kJ of CH 4 -E per MJ of GE (Johnson and Johnson, 1995) that can result in greater prediction errors of CH 4 production for dairy cow diets. Rather small effects of the proportion of concentrates up to 70 to 75% of dietary DM and markedly reduced CH 4 production with high (>90%) concentrate diets suggest abrupt, and probably unpredictable, changes in CH 4 production between 70 and 75 and 90% concentrate diets. Sheep data were included in the current data set to increase the number of observations and the range of diet composition as a . When animal (cattle vs. sheep) was included in Eq.
[13] as a class variable, its effect was not significant (P = 0.76). Sheep studies (Blaxter and Clapperton, 1965; increased number of data on interactions between intake and proportion of concentrate in the diet. The animal and feed data used in the present study covered most of the range of the typical dairy cattle diets (Table  A1 in Appendix 2). Our purpose was to focus on the variables that are available at the time of prediction (or could be estimated with reasonable accuracy). In other studies, variables such as ME intake, ME:GE ratio, and feeding level (Blaxter and Clapperton, 1965; Ellis et al., 2007; Yan et al., 2010) , which require an estimate of CH 4 production, were used in developing the equations. In addition, the data on digestible nutrients, used by Jentsch et al. (2007) , are not available before the diet is fed. Therefore, in the modeling, we preferred DMIBW over FL. In addition, DMIBW is a more uniform expression than FL, because the latter depends on variable maintenance requirements in different feed evaluation systems. Similarly, GED cannot be obtained before the diet is fed, whereas diet OMD m can be predicted from in vitro OMD of forages and tabulated digestibility coefficients for concentrates. Unfortunately, OMD m was seldom reported in the published papers, and therefore it was predicted from OMD using the empirical relationship between DMI (g/kg of BW) and OMD . The difference between observed GED and predicted OMD m corresponds well with observed depressions in OMD with increased FL (NRC, 2001; Yan et al., 2002; Huhtanen et al., 2009 ).
Effect of Feeding Level
Increased feed intake expressed either as multiple of maintenance requirement (FL) or as a proportion of BW decreased CH 4 production per unit of intake. This is consistent with earlier studies of Blaxter and Clapperton (1965) , Johnson and Johnson (1995) , and Yan et al. (2000) . Blaxter and Clapperton (1965) reported that the decline in CH 4 -E/GE with increased FL increased with GED determined at maintenance intake, but in the present study such an interaction was not observed. High (80-100%) concentrate diets with high GED at maintenance intake in the study of Blaxter and Clapperton (1965) may explain this discrepancy. In the present study, the effect of FL on CH 4 -E/GE (6 to 7 kJ/MJ per multiple of maintenance) was slightly less than the corresponding values of 8 to 9 kJ/MJ reported by Yan et al. (2000 Yan et al. ( , 2009 for mainly grass silage-based diets fed to growing and lactating cattle. A greater reduction (16 kJ/MJ) in GE lost as CH 4 was reported by Johnson et al. (1993) . Their data set also included high concentrate diets (>90% of DM). It appears that when high concentrate diets are fed at limited intakes, a high proportion of GE is lost as CH 4 production, whereas, at high intakes, the corresponding proportion is much smaller.
At least 3 mechanisms are involved in the decline of CH 4 -E/GE with increased intake. First, increased FL leads to a faster passage rate of feed particles, thereby reducing diet digestibility and amount of fermented substrate per unit of intake. Depressions in diet digestibility appear to be greater for typical North American diets based on corn or alfalfa silage and corn grain (NRC, 2001) than for diets based on mainly grass silage and barley-based concentrates (Yan et al., 2002; Huhtanen et al., 2009 ). However, proportionally, the decreases in CH 4 -E/GE of about 10% per multiple of maintenance (Yan et al., 2000 (Yan et al., , 2009 present study) are much greater than the corresponding decreases of about 2% per multiple of maintenance in diet digestibility (Yan et al., 2002; Huhtanen et al., 2009) . It is also possible that the escape of starch from ruminal fermentation increases with increased FL, thereby reducing the substrate available for CH 4 production (Jentsch et al., 2007) . Second, increased FL improves the efficiency of microbial synthesis, such that the importance of microbial growth as a hydrogen sink in the rumen increases FL. A faster ruminal passage rate with increased FL lowers the retention time of microbes in the rumen and, as a result, increases microbial cell yield per unit of energy fermented by diluting maintenance expenditure (Russell et al., 1992) . Assuming that 1 kg of microbial DM utilizes 8.1 mol of hydrogen (Czerkawski, 1986) and that the energetic efficiency of microbial protein synthesis increases by 0.34 g of N/kg of OM truly digested in the rumen per 1-kg increase in DMI (Broderick et al., 2010) , an increase in FL and consequent improvements in microbial cell yields would account for approximately 20% of the decline in CH4-E/GE with increases in feed intake.
The change in rumen fermentation pattern is the third factor contributing to the decline in CH 4 -E/ GE with increased FL. In the analysis of data from Nordic studies, Sveinbjörnsson et al. (2006) reported a decrease in the proportion of acetate and an increase in that of propionate with increased FL. This shift would reduce the amount of H 2 available for CH 4 production (Wilkerson et al., 1995) . When calculated from the data of and Volden (1999) , CH 4 production per mole of VFA decreased 6 to 7% with increased feed intake, accounting for approximately 30% of the total FL effect.
In the present study, feed intake was the main determinant of the total CH 4 production (R 2 = 0.85 with simple regression analysis for the cattle data). In other studies, CH 4 production has been closely related to DMI (Ellis et al., 2007; Yan et al., 2009) , GEI (Yan et al., 2002 (Yan et al., , 2009 Ellis et al., 2007) , and MEI (Ellis et al., 2007; Yan et al., 2010) . The intercept of the linear equation predicting CH 4 production for combined dairy and beef cattle data was 82 L/d (Yan et al., 2000) and 83 L/d (Ellis et al., 2007) when predicted from GEI and DMI, respectively. However, biologically, CH 4 production at zero DMI is not possible, as the results from a fasting metabolism study indicate . In the present study, including a quadratic term of intake variables improved the prediction, but applying the model beyond the current data used for the modeling should be avoided.
Effect of Digestibility
Increased digestibility expressed either as OMD m or as GED increased CH 4 production per unit of GE or DMI. In accordance with our study, Blaxter and Clapperton (1965) reported that CH 4 -E/GE increased with GED, but the effect diminished with increased FL in their study. In the current study, an estimate of OMD m was used for developing equations for CH 4 production as the digestibility at the maintenance level of feed intake is the most consistent assessment of feed digestibility (Mertens, 1993) . It can be estimated with reasonable accuracy from in vitro digestibility of forages and from tabulated values for concentrate ingredients ). Increased CH 4 -E/GE with increased digestibility observed in the current study is in contrast to the results of Johnson and Johnson (1995) , who reported a decline in CH 4 -E/GE with increased digestibility. An important role of digestibility in predicting CH 4 production was also demonstrated by Jentsch et al. (2007) , who reported a stronger relationship between CH 4 production and digestible nutrients compared with crude nutrients (R 2 = 0.90 vs. 0.86). However, CH 4 -E/DE tended to decrease with increased OMD m [Eq. 15] . A greater negative effect of digestibility on CH 4 -E/DE was reported by Kennedy and Charmley (2012) for tropical forages. Generally, CH 4 emissions are closely related to digestible OMI. A small reduction in CH 4 -E/DE with increased diet digestibility could be due to a possible shift of digestion from rumen to intestine (Moss et al., 2000) and changes in rumen fermentation pattern toward increased propionate and reduced acetate (Johnson and Johnson, 1995) .
Effect of Dietary Carbohydrate Composition and Protein Concentration
In the present study, dietary CHO composition showed only marginal effects on CH 4 production. The lack of an effect of CHO composition on CH 4 production is unexpected, because cell wall carbohydrates generally increase CH 4 production more than NFC. For example, Jentsch et al. (2007) showed greater effects of digestible crude fiber than digestible N-free extracts on CH 4 production. The coefficient of N-free residues, mainly cell walls, was greater than that of starch and sugar (Jentsch et al., 2007) . Similarly, Johnson and Ward (1996) presented an equation showing a greater influence of cell wall carbohydrates rather than starch or sugar on CH 4 production. Moe and Tyrrell (1979) reported the fermentation of NFC to be less methanogenic than cell wall carbohydrates.
Variable effects of increased concentrate proportion on CH 4 production have been reported. reported a significant increase (FL = 1.2) or numerical (FL = 1.6) increases on CH 4 -E/GE when the proportion of barley concentrate was increased from 0 to 75% in sheep fed grass silage. The main change in rumen fermentation pattern was an increase in butyrate, whereas both acetate and propionate decreased with increased concentrate. In lactating dairy cows fed diets based on highly digestible grass silage, CH 4 -E/GE tended to decrease when the proportion on concentrate gradually increased from 37 to 70% of DMI . However, the differences were marginal between 37 and 59% of concentrates of DMI. In the present study, relatively small effects of the concentrate proportion (CHO composition) on CH 4 production support our earlier suggestion that the level of concentrate needs to be greater than typically fed to dairy cows to sufficiently modify the VFA ratios to depress CH 4 production.
In addition to the lack of high-concentrate diets in our data set, different statistical models can partly explain the discrepancy in the effects of CHO composition on CH 4 production. As pointed out by , the wrong conclusions likely have been reached when fixed rather than mixed regression models are used. In line with this, the coefficient of NDF was greater than that of NFC (0.056 vs. 0.031) when [Eq. 13] was analyzed using a simple fixed regression model. Including the high-concentrate diets (>75% of DM) in the simple regression model further increased the difference in the coefficient of NDF and NFC (0.061 vs. 0.031).
In the present study, the effects of CHO composition on rumen fermentation pattern were consistent with the effects on CH 4 production. The molar proportion of propionate decreased (P < 0.01) and butyrate increased (P < 0.01), whereas no effect on acetate (P < 0.38) was observed in the relationships between NFC:CHO and VFA (equation not shown). In line with this, Sveinbjörnsson et al. (2006) did not find any significant effect of dietary starch concentration on the proportion of propionate in rumen VFA. In single studies, increasing the proportion of barley-based concentrate from 0 to 75% and from 25 to 75% (Jaakkola and Huhtanen, 1993) had no significant effect on molar proportion of propionate, but that of butyrate increased with concentrate supplementation both in sheep and cattle, respectively.
Dietary CP concentration was not included in the model, but Eq.
[13] to [18] all predict a slight decrease in CH 4 production with increased CP concentration as CP replaces carbohydrates in the diet. Earlier, Blaxter et al. (1971) found a significant decrease in CH 4 losses as the amount of N fertilization, and consequently CP concentration, in dried grass was increased. Also, the equations by Jentsch et al. (2007) suggest that fermentation of CP produces less CH 4 than fermentation of CHO. However, quantitatively, the effects on CH 4 -E/ GE are small; Eq.
[13] predicts a decrease of 0.45 kJ/ MJ per 10 g/kg DM increase in dietary CP concentration.
Effect of Dietary Fat Concentration
All equations predicted decreased CH 4 production as fat concentration in the diets increased. This finding has also been outlined by many reports in the literature (Jentsch et al., 2007; Beauchemin et al., 2009; Chung et al., 2011) . In our study, a 1 g/kg of DM increase in dietary EE concentration decreased CH 4 production by 0.043 L/kg of DM [Eq. 17] . This value is smaller than the corresponding values of 0.079 and 0.102 g of CH 4 per g of fat or kg of DM reported by Moate et al. (2011) and Grainger and Beauchemin (2011) for data from fat supplementation studies. The difference can be attributed to fat source (EE vs. supplementary fat) and statistical model (multivariate vs. univariate). When our data were analyzed with a univariate model using FA as a measure of fat, the coefficient increased to 0.096 L (0.069 g).
Generally, EE was a better predictor of CH 4 production than cFat or FA. This can be because silages contain fermentation acids that are analyzed as EE. When water-soluble CHO in forages are fermented to lactic acid or VFA in the silo, CH 4 production in the rumen can potentially decrease. In line with this, the concentration of total acids in forages had a negative effect (P = 0.02, equation not shown) on CH 4 -E/GE production when included in Eq. [13] . Numerically smaller CH 4 -E/ GE was reported for ensiled compared with dried grass (Ekern and Sunstøl, 1974) . Therefore, although forage EE contains compounds that are not true fat, using EE to describe dietary fat concentration is adequate in practical prediction models of CH 4 production.
At least 3 mechanisms are involved in the inhibitory effect of fat on CH 4 production. First, the biohydrogenation of unsaturated fatty acids utilizes H 2 available for CH 4 production. However, this is not quantitatively important because the complete biohydrogenation of 1 mol of linoleic acid can reduce CH 4 production only by 1 mol. Second, CH 4 production with increased dietary fat concentration can be attributed to decreased supply of fermentable substrate rather than to a direct effect on methanogenesis (Johnson and Johnson, 1995) . Third, dietary fat concentration influences rumen fermentation by increasing the proportion of propionate at the expense of acetate or butyrate, or both. The effect of fat on rumen fermentation pattern is related to inhibition of rumen protozoa that depress fiber digestion and reduce ruminal acetate and butyrate production (McAllister et al., 1996) . Long-chain fatty acids are also directly toxic to methanogens (McAllister et al., 1996) . In line with this, in the present study, the molar proportion of propionate increased (P < 0.01) and that of butyrate decreased (P < 0.01) with increased dietary fat concentration (equation not shown).
Effect of Rumen VFA
The effects of rumen fermentation pattern on CH 4 production [Eq. 21 to 26] were as expected on the basis of the equations of rumen fermentation balance (Wolin, 1960) . In the present study, CH 4 VFA, which describes the stoichiometric relationship between rumen fermentation pattern and CH 4 production, showed the better fit compared with single VFA or other VFA ratios. In agreement with the present study, Moss et al. (2000) reported a better relationship between the ratio of (C 2 + C 4 )/C 3 and CH 4 production compared with that of C 2 / C 3 in an in vitro study. This is because the production of both acetate and butyrate is associated with H 2 production, whereas propionate production is involved in H 2 utilization. In accordance with this, a good relationship (R 2 = 0.97, no mean or slope bias) between CH 4 produced in an in vitro gas system and CH 4 production calculated stoichiometrically from VFA production was reported recently (Ramin and Huhtanen, 2012) . The regression coefficient of CH 4 VFA (262) was close to that calculated from fermentation stoichiometry (220), indicating that CH 4 production from a given amount of fermentable substrate is closely related to the proportions of VFA in rumen fermentation.
CONCLUSIONS
A range of prediction equations of CH 4 production for dairy cow diets was developed from data of respiration chamber studies. Feed intake was the primary predictor of total CH 4 production. In addition, CH 4 production was positively related to diet digestibility and negatively related to dietary fat concentration, whereas dietary carbohydrate composition had only minor effects. When expressed as a proportion of GE intake, CH 4 production was negatively related to feeding level and dietary fat concentration and positively related to diet digestibility and dietary concentrations of NFC and NDF. Small prediction errors of the models and cross-validation indicated that the equations were accurate and robust. The results indicate that CH 4 production can be predicted accurately from a set of variables that are available at the time of prediction. Equations predicting CH 4 production per unit of feed intake (GE or DM) are biologically more valid, and therefore it is recommended that CH 4 production is predicted as intake (GEI or DMI) × production per unit (MJ of GE or kg of DMI) of intake. The equations developed can be used in dairy industry to develop appropriate feeding strategies to mitigate CH 4 production and for national inventories of CH 4 production.
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APPENDIX 2
